The macromolecular structure of purified cellulose samples is studied by second-harmonic generation (SHG) imaging microscopy. We show that the SHG contrast in both Valonia and Acetobacter cellulose strongly resembles that of collagen from animal tissues, both in terms of morphology and polarization anisotropy. Polarization analysis shows that microfibrils in each lamella are highly aligned and ordered and change directions by 90 ± in adjacent lamellae. The angular dependence of the SHG intensity fits well to a cos 2 u distribution, which is characteristic of the electric dipole interaction. Enzymatic degradation of Valonia fibers by cellulase is followed in real time by SHG imaging and results in exponential decay kinetics, showing that SHG imaging microscopy is ideal for monitoring dynamics in biological systems.
Second-harmonic generation (SHG) is rapidly emerging as a powerful high-resolution optical imaging modality for cell biology and biophysics. A particularly exciting application is the use of SHG to examine the structure of endogenous proteins such as collagen, actomyosin, and tubulin in live tissues without the addition of exogenous labels. Historically these proteins have been studied by other imaging modalities, including electron microscopy and polarization microscopy, and it is well known that they assemble into arrays that are both highly ordered and birefringent. 1 We have previously shown that these species provide high SHG contrast with negligible phototoxic effects. 2 In this Letter we extend endogenous SHG imaging microscopy to the study of the micrometer-scale structure of cellulose. Cellulose, the primary component in plant cell walls, 3 is the most abundant biomacromolecule. Most imaging studies have focused on ultrastructural aspects of cellulose structure with electron microscopy 4 and x-ray diffraction. 5 Although these methods can resolve individual microf ibrils or even glucan chains, they cannot be performed in situ. This is an important limitation, since the mechanism of cellulose biosynthesis is not yet well understood.
Similar to structural protein arrays, cellulose forms highly birefringent structures. Further, because it is composed of polysaccharide chains, it is also strongly chiral (which is also like the protein structures). It has been demonstrated by us and other groups that SHG intensities can be greatly enhanced by chirality for several types of molecular geometry, including chiral f luorescent dyes at interfaces, 6, 7 synthetic chiral thin f ilms, 8 and structural protein arrays. 2 Furthermore, from structural considerations cellulose has a clear supramolecular structure that parallels that of collagen, which can yield strong SHG intensities. Collagen has a triple helical molecular structure that assembles into progressively higher-ordered structures, beginning with the nanometer level (microf ibril), that then become organized into fibrils ͑ϳ100 nm͒, which assemble into fibers (approximately micrometers), and f inally fascicles ͑ϳ10 100 mm͒.
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Cellulose similarly evolves through a progression of well-ordered molecular chains that crystallize into thermodynamically stable submicrometer structures (microf ibrils). In this Letter we show how SHG can be used to collect threedimensional images of two celluloses derived from two different organisms, the gram-negative bacterium Acetobacter and the giant algal cell Valonia. We also use SHG polarization analysis to probe the highly ordered and directional nature of the f ibers and show that the SHG arises from the electric dipole interaction. Finally, we use SHG to probe the decomposition of cellulose when treated with the enzyme cellulase to demonstrate that SHG can be used to monitor dynamics in a complex biological system.
The laser scanning microscope used in this work is a Fluoview 300 (Olympus, Melville, N.Y.) mounted on an upright microscope (Axioskop, Zeiss, Jena, Germany). It is coupled to a Ti:sapphire oscillator (Mira 900-F, Coherent, Santa Clara, Calif.) and pumped by a 5-W Verdi Nd:YVO 4 (Coherent, Santa Clara, Calif.). The imaging measurements were performed at 850 nm, and average powers at the sample were between 10 and 50 mW with a 0.75-N.A. 203 objective. The SHG signal was collected in the forward direction and was detected after a bandpass f ilter at 425 nm by a single photon-counting photomultiplier tube module (7421, Hamamatsu, Bridgewater, N.J.). Quantitative image analysis was performed with the freely available ImageJ software.
Acetobacter xylinum was grown on a SchrammHestrin medium in a static culture for 2 weeks. The cellulose pellicle was removed and autoclaved at 121 ± C in a nonionic detergent to clean the material. Then the membrane was repeatedly washed in deionized water, and a thin slice was teased away from the never-dried membrane, put on a slide, and kept hydrated until ready for observation with SHG. Giant cells of the marine alga Valonia ventricosa were grown on a seawater medium, then stored in absolute methanol until used. Individual slices of the cellulose wall material were teased away and placed on a microscope slide as described for Acetobacter until ready for observation with SHG.
The fibrous nature of Acetobacter cellulose on the micrometer scale is demonstrated in Fig. 1 , which shows two slices of a z series separated by ϳ10 mm of sample. The field size is approximately 300 mm 3 300 mm. The morphology seen in these SHG images strongly resembles those of collagen from various animal sources. 2, 11 We observe a similar morphology in Valonia (Fig. 2) . The cellulose composing Valonia cell walls is multilamellar, and electron microscopy has shown that the microfibrils change direction by 90 ± in adjacent lamellae. 4 We used SHG to investigate whether this pattern can also be observed on the micrometer scale. Figures 2(a) -2(c) show several slices through an ϳ16-mm-thick Valonia cell wall in which individual lamellae can be readily observed. In each ribbonlike lamella the majority of the f ibers are aligned, as shown by the arrows, and they indeed change directions in adjacent ribbons. For a composite view of this lamellar cell wall the data are plotted as a z projection in Fig. 2(d) , which shows the directionality of each individual lamella. The morphology seen in these SHG images strongly resembles those of collagen from various animal sources.
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The fibrous structure is more obvious for Valonia, because the individual microf ibrils consist of more glucan chains and are much larger and more perfectly ordered than in Acetobacter.
To determine the nature of the SHG contrast in Valonia microfibrils and to more closely examine their alignment and orientation, the polarization dependence of the SHG signal was investigated. Figures 3(a) and 3(b) show the resulting images for one axial slice of a Valonia cell wall with orthogonal laser excitations; the polarization angle was chosen to be optimal in Fig. 3(a) . Since the SHG is expected to arise from the electric dipole interaction, only molecules with dipoles that are aligned with the polarization produce a signal. Figure 3(a) shows that the f ibrils are strongly aligned in one direction, and with the orthogonal polarization these fibrils essentially disappear. In contrast, only a vestige of f ibrils oriented in the orthogonal direction are observed. It should be noted that this is not the absolute orientation for all the fibrils; as shown above, adjacent lamellae have fibrils pointed in the orthogonal direction. It should also be noted that the difference in appearance between Figs. 2 and 3 arises from differences in the orientation of the cell wall with respect to the optical axis. We extend this analysis more quantitatively by measuring the magnitude of the SHG signal through a rotation of 180 ± of laser fundamental polarization (data points every 4 ± ). With all the dipoles oriented in the same direction the intensity as a function of the polarization angle should yield a sinusoidal pattern with a maximum and a minimum that are 90 ± out of phase. This can be observed in Fig. 3(c) , and the data fit reasonably well to the expected cos 2 u distribution for an electric-dipole-derived process. There is some Fig. 1 . SHG images of two frames of Acetobacter in a 50-mm stack, separated by ϳ10 mm. Scale bar is 40 mm. deviation from the theoretically expected distribution; however, cellulose is a naturally occurring biological sample and is thus expected to have some irregularities relative to a totally synthetic material, such as a thin polymer film. This may also arise, in part, from any ellipticity introduced to the linear polarization through the laser scanning system. We have previously shown that with the use of linearly polarized excitation the SHG polarization dependence of the collagen in a fish scale looks remarkably similar (data not shown) to that of the cellulose fibrils shown here. 2 This further emphasizes the comparison of the macromolecular assembly of cellulose and collagen as arising from smaller, organized structures assembling into increasingly larger structures, which become highly organized. This result is interesting because cellulose is a polysaccharide consisting of sugar monomer units, rather than a protein consisting of amino acids.
An important aspect of cellulose research is biosynthesis. 12 Although this requires signif icant energy output on the part of the bacterium or algal cell, it is not well understood. Here we take the inverse approach and demonstrate that it is possible with SHG imaging microscopy to monitor cellulose degradation by the addition of the enzyme cellulase. A sample of Valonia was teased from the wall and placed on a slide in a slightly acidic solution and a 30-mg͞ml concentration of cellulase (activity .60,000 units͞g) derived from Aspergillis niger (ICN Biomedicals, Aurora, Ohio). Higher concentrations immediately dissolved the sample, and much lower concentrations displayed kinetics that were too slow to reliably monitor with imaging. A time course following the degradation over ϳ30 min is plotted in Fig. 4 . In these data we observed only a smooth decrease in intensity, rather than shortening of fibers. Enzymatic activity should be characterized by exponential decay kinetics, and the data in Fig. 4 f it well to a single exponential with a time constant of ϳ5 min ͑R 2 0.997͒. It should be noted that we are not attributing a specific physical or chemical significance to this time constant, because this would require a more detailed Michaelis-Menten analysis, which is not practically achievable with these samples. We are, however, pointing out that SHG can monitor biological activity in real time, and the observed intensities display the expected temporal characteristic for an enzymatic process. To the best of our knowledge, this is the first demonstration of SHG microscopy for monitoring a dynamic biological process.
In summary, we have demonstrated that SHG microscopy can be used to image cellulose microf ibrils or bundles or ribbons of microf ibrils on the micrometer scale. We have shown that the SHG contrast in both Valonia and Acetobacter cellulose strongly resembles that of collagen from animal tissue, both in terms of morphology and polarization anisotropy. We have also demonstrated for the f irst time to our knowledge how SHG can be used to monitor the dynamics of a biological system in real time through monitoring enzymatic kinetics.
